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Abstract In this computational study we investigate the role of turbulence in ideal axisymmetric vortex
breakdown. A pipe geometry with a slight constriction near the inlet is used to stabilise the location of the
breakdown within the computed domain. Eddy{viscosity and dierential Reynolds stress models are used to
model the turbulence. Changes in upstream turbulence levels, ow Reynolds and Swirl numbers are considered.
The dierent computed solutions are monitored for indications of dierent breakdown ow congurations.
Trends in vortex breakdown due to turbulent ow conditions are identied and discussed.
1. INTRODUCTION
Vortex breakdown is a complex phenomena which can occur in uid ows with moderate to high tangential
or swirl velocity. In its axisymmetric form, breakdown is characterised by the presence of a localised region of
recirculation or ow reversal downstream of a concentrated vortex core ow. An important industrial internal
ow application is in connection with inner recirculation zones (IRZ) observed in swirl burners. In such devices
it is important for the aerodynamics to be adequately understood as a precursor to successful modelling of the
entire combution process.
Axisymmetric vortex breakdown usually has a number of identiable features. The upstream or approach ow
is usually steady and consists of streamlines nearly parallel to the vortex axis. The approach ow may be either
laminar or turbulent. At some location downstream the streamlines rapidly diverge and a recirculation zone or
bubble begins to form. The stucture of the recirculation zone can be complex and the dynamics is not fully
understood. The upstream end of the bubble is often delineated by a front stagnation point, although axial
ow through the centre of the breakdown zone can also occur. In addition, the bubble may be multicellular
or contain periodic oscillations. Other possibilities include the formation of additional recirculation zones or a
turbulent wake at the downstream end of the the primary breakdown. In internal ow applications, the presence
of walls, blockages and other geometric features will also inuence the nal breakdown form. Detailed reviews
covering various aspects include those by Hall [1], Leibovich [2, 3] and Sloan et al. [4].
The formation of the breakdown in the upstream region is believed to be due primarily to inviscid mechanisms,
and with this in mind many of the computational studies have considered laminar ow only. Nevertheless, the
role of turbulence in the onset and subsequent development of the breakdown, both in the free stream and
within the bubble itself, is far from clear. Previous work on turbulent vortex breakdown has mainly considered
the performance of various turbulence models against given experimental data sets, in order to determine their
strengths and weaknesses. In contrast is a very recent study by Spall & Gatski [5], where k    and Algebraic
Reynolds Stress (ASM) turbulence models were used to obtain predictions for bubble-type breakdown in an
unbounded domain, subject to a decellerating freestream axial velocity. Like the present work, the focus was
on inferring the role of turbulence in the breakdown process via turbulence model predictions.
In this work we investigate the role of turbulence in vortex breakdown by considering swirling ow in a pipe
geometry with a slight constriction near the inlet. The constriction is used to stabilise the location of the
breakdown to occur within the computed domain, in the spirit of previous laminar studies due to Beran &
Culick [6]. The geometry and use of a slip condition for the mean velocity at the conning wall is intended to
reduce the interaction of the side wall boundary layers and other complicating factors which would normally
be present in furnace{based studies. To model the turbulence, the k    model, Renormalization Group based
k    (RNG) model, and Dierential Reynolds Stress (DSM) model is used. In particular, the RNG k   
model is chosen because it is, in principle, able to handle any relaminarisation in the bulk uid without special
modication. Further, advocates of the RNG k    model claim that it can yield turbulent swirling ow
predictions of comparable accuracy to that obtained by a DSM ([7], Ch.4), although in a study related to this
one we did not nd strong evidence to support this view [8]. A range of ow Reynolds and Swirl numbers,
and a range of inlet proles, in particular changes in the upstream turbulence levels, are considered. Our aim
is to obtain detailed information useful for identifying any trends or mechanisms in ideal axisymmetric vortex
breakdown due to turbulent ow conditions.
2. MATHEMATICAL MODEL AND NUMERICAL METHOD
The Reynolds averaged equations for isodensity turbulent ow can be written in cartesian tensor notation as
follows.
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In the above, U
i
and P are the time averaged mean velocity and mean pressure, while u
i
u
j
is the Reynolds
stress tensor. The Reynolds stresses represent new, unknown terms which require modelling.
2.1 Two{equation k    Modelling
In the two{equation k    framework, the Boussinesq hypothesis (see e.g.[4]) is used to replace the Reynolds
stresses via the introduction of a turbulent or eddy viscosity, 
eddy
. The task of modelling is to then provide
a prescription for the eddy viscosity over the entire ow domain. To this end, 
eddy
is described in terms of
the turbulent kinetic energy, k, and dissipation rate, . These are in turn obtained via the solution of partial
dierential equations. Thus,
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In the standard k    model (denoted STD), 
eddy
is prescribed via
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the term R in Equation (4) is set to zero, and the empirical constants are set to C

= 0:09, 
k
= 1:0, 

= 1:3,
C
1
= 1:44, and C
2
= 1:92.
The RNG theory has been successful in developing turbulence models which are similar to the STD model. For
high Reynolds numbers (Re), equations identical in form to Equations (3) and (4) are obtained, and the values
of the model constants are theoretically determined. The theory can also provide extended prescriptions for the
model constants, eddy viscosity, and turbulence transport equations. For example, the theory predicts [9] that
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Also, recent extensions [10] have aimed to extend the applicability of the {equation to accommodate high strain
rates, via the derivation of an additional term, R, namely
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The present study considers turbulent vortex breakdown predictions obtained via two successive RNG modi-
cations to STD model, as given in Table 1. Thus, R1 denotes a k    model where only the high Re values of
the model constants, as derived in [11], are implemented. For model R2, Equation (7) and (8) are also included.
More details on the RNG model extensions are given elsewhere [8].
Table 1: Two{equation turbulence models used in this study
Model 
t

k


C

C
1
C
2
R
STD Eqn (6) 1.0 1.3 0.09 1.44 1.92 0
R1 Eqn (6) 0.7179 0.7179 0.085 1.42 1.68 0
R2 Eqn (6) Eqn (7) Eqn (7) 0.085 1.42 1.68 Eqn (8)
2.2 Dierential Reynolds Stress Modelling (DSM)
In the DSM formulation, the Boussinesq hypothesis is not invoked. Rather, solution of dierential transport
equations for the individual Reynolds stresses is performed. The equations are of the following form.
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The terms on the right are as follows:
Diusive (turbulent and viscous) transport,
D
ij
=  
@
@x
m
u
m
u
i
u
j
 
1

(
@u
i
p
@x
j
+
@u
j
p
@x
i
) + 
0
@
2
@x
2
m
(u
i
u
j
) ; (10)
Production due to mean ow gradients,

ij
=  u
i
u
m
@U
j
@x
m
  u
j
u
m
@U
i
@x
m
; (11)
Presure{strain interactions,
P
ij
=
1

(p
@u
i
@x
j
+ p
@u
j
@x
i
) ; (12)
Dissipation of Reynolds stress by viscous action,
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Closure at the RSM level is eected by the following modelling assumptions:
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In Equation (15), C
3
and C
4
are empirical constants assigned respective values of 1:8 and 0:60, and  =
2
3

mm
.
2.3 Boundary Conditions and Numerical Method
Values of mean and turbulence variables across the inlet are chosen to model a concentrated and turbulent
vortex core ow upstream. Thus, across the inlet the axial velocity is set to a uniform value, the radial velocity
is set to zero, and the tangential velocity distribution is given by a Burgers vortex,
U

= U

max
(1  e
 r
2
)=r : (17)
The peak of the Burgers vortex occurs at a radius of r  1:12, and this value is used as a length scale to
estimate the ow Reynolds number. Dierent ow Swirl numbers are considered by choosing dierent values
for the parameter U

max
. For simplicity, we characterise the extent of swirl by the ratio of the peak tangential
to axial velocity across the inlet, 
. The Swirl number as usually dened can be obtained by straight forward
integration of mean tangential and axial velocity proles across the inlet.
Dierent values for the inlet turbulence intensity are also considered. These are used to set the turbulence energy
or the mean square velocity uctuations across the inlet, as appropriate. Other components of the Reynolds
stress tensor are set to zero. On the wetted side of the conning wall, impermeability and slip conditions are
used for the mean velocity. For turbulence variables, no modication to standard wall functions is employed,
as negligibly small values for the turbulence variables and eddy viscosity at the slip boundary are typically
returned. On the symmetry line, zero Neumann conditions for the axial velocity, turbulence kinetic energy and
dissipation rate are employed, while the mean radial and tangential velocity components are set to zero. Across
the outlet, zero Neumann conditions are imposed for all variables.
The governing equations are written in cylindrical coordinates and discretised using a control volume approach,
utilising the CFD code FLUENT. The computational domain is a cross section of an axisymmetric pipe which
consists of two sections. In the rst section a circular arc or hump constriction representing a reduction of
5% in the cross sectional area is introduced, and the radial grid lines are distributed in a nearly orthogonal
body{tted manner from the pipe axis to the wetted side of the slippery wall. In the second section, the pipe
generator is parallel to the symmetry axis and the radial grid lines are distributed uniformly. Through both
sections uniform grid spacing in the axial direction is employed.
For comparitive purposes, the Power Law (PL) convective dierencing, bounded Second Order Upwind (SOUD)
and QUICK schemes are used. The resultant algebraic equations are solved by well{established iterative meth-
ods. Results presented in the next section are obtained for a 5m pipe section of radius 2m, and a 20  50 (radial
 axial) grid is used in conjunction with the QUICK discretisation scheme.
Flows corresponding to Reynolds numbers of 25,000 and 75,000 are considered, with Swirl number 
 ranging
from 1 to 4. Upstream turbulence intensities I
t
ranging from 1% to 50% are used. These values are chosen to
be representative of low and high Re conditions, with moderate to high swirl velocities, accompanied by very
low to very high upstream turbulence conditions.
3. RESULTS AND DISCUSSION
The predictions obtained using the dierent turbulence models are presented and discussed in this section.
Results given below are for Re = 25k, as preliminary computations at the higher Re of 75,000 indicated very
little Re dependence in the computed solutions. In Figure 1, the streamlines for model STD with increasing
(a) Model STD streamlines: 
=2
(b) Model STD streamlines: 
=3
(c) Model STD streamlines: 
=4
Figure 1: Model STD streamlines for dierent swirl (Re = 25k, I
t
=10%). Fill shows where k  0:95 k
max
.
upsteam swirl conditions are shown. Increasing upstream swirl leads to increasing distortion of the streamlines
corresponding to a swelling of the vortex core ow. Interestingly, this distortion does not necessarily lead to
the creation of a bubble breakdown, or the enlargement of an already existing one. This is in clear contrast to
the expectation that the increased upstream divergence of the streamlines of the vortex core would normally
(a) Model STD streamlines: I
t
=1% .
(b) Model STD streamlines: I
t
=5% .
(c) Model STD streamlines: I
t
=50% .
Figure 2: Model STD streamlines for dierent inlet turbulence intensities (Re = 25k, 
 = 2). Fill shows IRZ.
produce or enhance breakdown due to an expected increase in the adverse pressure gradient in the interior of
the vortex core.
As swirl levels are increased, the peak turbulence activity moves from a location on the symmetry axis down-
stream to locations above and forward of the vortex swelling. The primary site of peak turbulence generation
due to mean ow gradients (not shown) for this and other models tested was invariably located in the upstream
section of the shear layer surrounding the vortex swelling or breakdown bubble. The sequence of events shown
in Figure 1 suggest that increased vortex swelling inhibits the downstream convection of turbulence generation
so that the peaks of turbulence energy and generation begin to coincide.
In Figure 2 dierent upstream turbulence intensities are examined for constant swirl levels. Interestingly, for
very low turbulence levels (I
t
= 1%) vortex swelling is clearly evident but no bubble breakdown is present,
while a small increase in upstream turbulence (I
t
= 5%) promotes bubble formation. This is also evident in
the computed solution corresponding to I
t
= 10% (not shown). However, for large upstream turbulence (I
t
= 50%) the breakdown is absent, and the vortex swelling is reduced compared with the I
t
= 1% case. The
sequence of events shown in Figure 2 indicate that the role of turbulence can be either to aid in the formation
of breakdown, or to inhibit it, and show clearly that here the formation of breakdown is not due to entirely
inviscid mechanisms.
Corresponding solutions for model R1 were computed for the same cases as those already presented. In general
model R1 exhibits very similar behaviour to model STD, and the corresponding plots are not given here for
sake of brevity. Comparison of computed solutions for model R1 and STD show that both the extent of
vortex swelling and breakdown is slightly greater for model R1, while the regions of peak turbulence activity
(as indicated by regions where k  0:95  k
max
) are slightly more localised. Also, very weak breakdown is
still evident in the model R1 prediction for I
t
= 50%. In addition, peak turbulence levels in model R1 are
somewhat smaller than peak values in model STD for all cases presented in Figure 1. The relative decrease in
turbulent diusion is a possible explaination for the increased vortex swelling and extent of breakdown evident
in the computed solutions for model R1, with the proviso that this hypothesis must be qualied in the light of
observations already made in connection with Figure 2.
For model R2, the predicted ow development with increasing swirl is more complex. The sequence presented
in Figure 3 indicates a change from a bubble breakdown which is \attached" to the symmetry axis, to one which
is clearly unattached. The latter represents an annular breakdown state with axial through ow. Previously
reported turbulence model computations of vortex breakdown for similar ow setups do not appear to have
captured this feature. Computed solutions beyond 
 = 3.6 (and I
t
xed at 10%) are not given because the
(a) Model R2 streamlines: 
=2
(b) Model R2 streamlines: 
=3
(c) Model R2 streamlines: 
=3.6
Figure 3: Model R2 streamlines for dierent swirl (Re=25k, I
t
=10%). Fill shows \lifted" bubble development.
extent of the entire breakdown region cannot be fully enclosed within the computational domain.
The corresponding results for model R2 for dierent upstream turbulence levels and xed swirl (not given)
show very similar features to the results presented in Figure 2. Therefore, the same trend as regards the role of
turbulence in the formation of the bubble breakdown is evident in all three models.
In Figure 4 the dierential Reynolds stress model predictions are shown for I
t
xed and dierent upstream
swirl levels. To promote stability in the iterative scheme, the SOUD discretisation was found to be necessary
to obtain DSM model predictions. In Figure 4(a) very weak breakdown is evident at 
 = 2. Also, the DSM
model predicts that the peak in the u
2
component of the mean square uctuations actually occurs at the front
of the bubble. However, the peaks in the other two mean square uctuation components are located on the axis
downstream of the breakdown (not shown). This should be compared with the corresponding cases computed
using the two{equation turbulence models, which indicate regions of peak turbulence energy at the rear.
As the swirl is increased to 
 = 3, the DSM model predicts an increased distortion of the vortex core ow. The
bubble breakdown is again absent (as with the previous models), and the peak in u
2
has moved to an o{axis
location in the upstream region of the bounding shear layer. This should be compared with the model STD
prediction in Figure 1(c), in particular. The peak in the radial mean square uctuation component have also
moved o{axis and somewhat upstream into the bounding shear layer (not shown).
There is, however, a strong tendency for the DSM model to evolve to a second solution, as indicated in Figure
4(c). For this second solution, designated type 2 ow, the peak values of turbulence quantities occur at the inlet.
Note also that the streamlines actually dip towards the symmetry axis in the upstream region. Furthermore the
type 2 ow is time dependent, with a predominantly single frequency periodic uctuation in the mean quantities.
The latter we established by accurate time integration of the governing equations (results not presented here).
Regarding the plausibility of the type 2 ow, we interprete it as a ow state where travelling waves are present,
and where the ow has essentially relaminarised. This interpretation appears consistent with the experiments
and analysis of Pritchard [12]. In particular, Pritchard's observations of solitary waves in long cylindrical tubes
in which the the uid was displaced inwards slightly are consistent with the computed streamlines of the Type
2 ow in the vicinity of the inlet.
In Figure 5 the DSM model predictions are shown for 
 xed and dierent upstream turbulence levels. For

 = 2, no evidence of a second solution was evident in the computations. Here the trend is for the bubble
breakdown region to enlarge as I
t
is decreased from I
t
= 10% to I
t
= 1%, while the extent vortex swelling in
fact decreases slightly.
(a) Model DSM streamlines: 
=2
(b) Model DSM streamlines: 
=3 (Type 1)
(c) Model DSM streamlines: 
=3 (Type 2)
Figure 4: Model DSM streamlines for dierent swirl (Re=25k, I
t
=10%). Fill shows where u
2
 0:95 u
2
max
.
4. CONCLUSIONS
In this computational study we have investigated the role of turbulence in ideal axisymmetric vortex breakdown.
Eddy{viscosity and dierential Reynolds stress models were used to model the turbulence over a range of
conditions.
Clear dierences between the computed solutions for the various turbulence models were evident. Notable
dierences include the model R2 prediction of a \lifted" bubble breakdown at higher swirl, and the possibility
of non-uniqueness in the form of a relaminarised travelling wave DSM model solution.
Nevertheless, trends common to all of the turbulence models considered can be identied. Firstly, all models
exhibit both bubble breakdown and swelling of the vortex core ow under a number of inlet conditions considered
here. Further, an increase in upstream swirl (with I
t
xed) in general leads to increased swelling and distortion
of the vortex core ow downstream of the constriction. All models predict that this increased swelling of the
vortex core is not necessarily accompanied by the creation of a bubble breakdown, or an enlargement of an
already existing one. This is in clear contrast to the expectation that the increased upstream divergence of
the streamlines of the vortex core would normally produce or enhance breakdown due to an expected increase
in the adverse pressure gradient in the interior of the vortex core. Finally, all models predict that upstream
turbulence levels directly aect whether a bubble breakdown will form or not.
In future work we intend to clarify the reliability of these trends by considering related ow setups. Nevertheless,
the present ndings could be immediately applicable to turbulent ow in industrial ow devices such as swirl
burners. For example, if recirculation in the form of vortex breakdown is desired to aid in the combustion
process, then changes in the turbulence levels of the approach ow may be an alternative and more suitable
method to achieve this, rather than simply increasing the level of upstream swirl.
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